The position of a gene (fnr) that is essential for growth of Escherichia coli with fumarate or nitrate as electron acceptor was located within an 11 -5 kb HindIII fragment of bacterial DNA by deletion analysis with fnr transducing phages (Afnr) and by sub-cloning restriction fragments into multicopy plasmids. The functional gene was isolated in a 1-65 kb BamHI-Hind111 fragment of a hybrid plasmid pGS24. The fnr gene product was identified as a protein of M , 3 1 000, by post-infection labelling and by the 'maxicell' method. Organisms containing the multicopy plasmid (pGS24) overproduced fumarate reductase to the same extent as cultures containing a comparable fumarate reductase plasmid (pNU3 1) during anaerobic growth; thefnr plasmid also overcame the repression of fumarate reductase synthesis that is normally observed during aerobic growth. Similar effects on nitrate reductase synthesis were also observed. The results support the view that thefnr gene product functions as a positive regulator or a specific sigma factor for expression of anaerobic energy-generating systems.
I N T R O D U C T I O N
In facultative anaerobic bacteria such as Escherichia coli the synthesis of electron transport systems involving the reduction of fumarate or nitrate is prevented when other electron acceptors of higher redox potential are present (for general reviews see Haddock & Jones, 1977; Thauer et al., 1977; Kroger, 1977 Kroger, , 1978 . Little is known about the mechanisms controlling the expression of anaerobic energy-generating pathways, but in E. coli a gene designated fnr has been implicated (Lambden & Guest, 1976) . Mutations in the fnr gene are pleiotropic, causing deficiencies in fumarate and nitrate reduction and hydrogenase, which in turn prevent anaerobic growth with fumarate or nitrate as electron acceptors. The fnr gene is located at 29.3 min on the E. coli linkage map (Bachmann & Low, 1980) . Similarities in map position and mutant phenotype suggest that fnr is identical to the nirA and nirR genes (Newman & Cole, 1978; Chippaux et al., 1978) ; nirA mutants lack nitrite reductase and cytochrome c 5 5 2 , and nirR mutants are deficient in hydrogenase, the nitrate, nitrite and fumarate reductases, and cytochrome cSs2. The wide-ranging effects offnr mutations have prompted the suggestion that the fnr gene product is a positively-acting regulatory factor essential for the expression of all the anaerobic enzyme systems listed above (Shaw & Guest, 1981; Chippaux et al., 1981) .
In order to explore its nature and mode of action we have recently isolated thefnr gene in an 11.5 kb HindIII fragment of bacterial DNA by selecting for Afnr transducing phages (Shaw & Guest, 1981) . In this paper we report the localization of the fnr gene, the identification of its product, and the effects of fnr gene amplification on the expression of several anaerobic functions.
METHODS
Bacteria and phages Four independentfnr mutants originally isolated from E. coli strain PL2024, and designated JRG861a, b, c and d (jnr-1, fnr-8,fnr-2 and jnr-4, respectively) were used (Lambden & Guest, 1976) . A recA derivative of one of these (JRG861b) was constructed by P1 transduction and designated JRGl290. Strain C600 was used for propagation and titration of lambda phages and strains HBlOl/A. ( r e d hsdR hsdM AR) and ED8641
( r e d 5 6 supE hsdR) were used as transformation recipients. Strains S159 (uvrA gal rpsL) and AB2480 (recA8 uwA6 pro thr) were used in the post-infection and 'maxicell' labelling studies, respectively. D . J. SHAW AND J. R. GUEST The recombinant transducing phage Afnr (1G70) containing an 11.5 kb HindIII fragment encoding the fnr gene has been described previously (Shaw & Guest, 1981) , as have the insertion vector 1NM540 (Murray & Murray, 1975) and thefrd transducing phage 1G85 (Guest, 1981) .
Plasmids pGS39 and pNU32. The fumarate reductase genes of E. coli have been isolated in recombinant transducing phages Afrd (Cole & Guest, 1980a) and in ColEl-frd hybrid plasmids from the Clarke-Carbon gene bank, pLC16.43 (=pGSl, pNUl; Guest, 1981) . The 4.9 kb HindIII fragment containing the frd genes was transferred from pLC16.43 to pBR322 to form plasmids pGS39 (gene order: ampfrdB-frdA-ter) and pGS40 (amp-frdA-frdB-tet). All three plasmids complemented the lesions of frdA and sdh mutants and conferred a low level of tetracycline resistance (5 pg ml-l).
Plasmid pNU31 was kindly provided by S. Cole. It resembles pGS39 in the orientation of the frd genes but contains an extra 300 bp of bacterial DNA to include the entire chromosomal ampC gene (Cole, 1982) . The fragment is inserted between the HindIII and PstI sites of pBR322, resulting in the loss of the vector-coded amp gene. Plasmids pGS39 and pNU31 have sizes of 9.24 and 8.9 kb, respectively, and both were transferred to PL2024 by selecting for ampicillin resistance (AmpR).
Media and general techniques. The Fnr+ phenotype was tested anaerobically on lactate plus nitrate (LN) and glycerol plus fumarate (GF) minimal media (Lambden & Guest, 1976) . The rich medium for routine subculture and phage propagation was L broth (tryptone, 10 g 1-l; yeast extract, 5 g I-' ; NaCl, 5 g 1-I) solidified with Bactoagar (Difco) when necessary and supplemented with ampicillin (50 pg ml-l), chlorarnphenicol (25 pg ml-I) or tetracycline (20 pg ml-l) for selecting or testing the sensitivity of transformed bacteria.
The preparation of phage stocks and other general phage procedures were as described by Murray et al. (1973) . Transduction with lambda phages was according to Shaw & Guest (1981) and transformation with plasmid DNA was by the method of Lederberg & Cohen (1974) but omitting the first wash with CaCl,.
DNA preparation and in vitro manipulations. Phage DNA was prepared from high-titre stocks by centrifugation in a discontinuous CsCl gradient followed by phenol extraction (Guest & Stephens, 1980) . Plasmid DNA was purified from cleared lysates by banding in CsCl gradients containing ethidium bromide (Clewell & Helinski, 1970; Clewell, 1972) . Small-scale preparations of plasmid DNA for Ecreening and transformation were made by the method of Birnboim & Doly (1979) . Restriction endonuclease digestions and agarose gel electrophoresis were by the methods described previously (Shaw & Guest, 1981) . Restriction enzymes were purchased from Boehringer and Bethesda Research Labs. DNA ligations were done with vector and insert concentrations of about 0.03 p~ in a buffer containing (mM): Tris/HCl pH 7-5 (lo), MgClt (lo), 2-mercaptoethanol (lo), NaCl (50), ATP (l), dithiothreitol (lo), and phage T4 DNA ligase (kindly provided by K. Murray and N. E. Murray) .
Isolation of phage deletion mutants. Mutants of LG70 having genomes shorter than normal were selected by plating in media containing 5.0 and 7.5 mM-sodium pyrophosphate (Ward & Murray, 1980) . Only one plaque was picked from each phage plate to ensure that all the mutants were of independent origin.
Post-infection labelling studies. The polypeptides formed after infection of UV-irradiated aerobic cultures of S 159 were labelled with ~-[~~S]methionine and analysed by SDS-polyacrylamide gel electrophoresis according to Cole & Guest (19796, 1980b) .
'Maxicell' procedure. Polypeptides expressed from plasmid-coded genes were labelled by the 'maxicell' technique of Sancar et al. (1979) . Strain AB2480, transformed with the relevant plasmid, was grown aerobically to a turbidity of 0.6 in M9 medium (Miller, 1972) containing glucose (2 g l-l), Casamino acids (10 g 1-l) and ampicillin (50 pg ml-l). Cultures (10 ml) were then UV-irradiated (4 pJ mm-*) and cycloserine (100 pg ml-l) added to kill survivors. After 16 h at 37 "C the cultures were divided into 0.6 ml samples, harvested and resuspended in 0.5 ml M9 salts medium lacking sulphate. The wash was repeated and the cells resuspended in 0-1 ml labelling medium, consisting of M9 salts lacking sulphate, supplemented with glucose (2 g 1-l), L-proline (20 mg 1-l) and thiamin (5 pg 1-l). ~-[~~S]Methionine (Amersham) was added to a final concentration of 50 pCi ml-' (1.85 MBq ml-l). The mixtures were incubated for 1-2 h at 37 "C, the cells were harvested and the radioactive polypeptides analysed by SDS-polyacrylamide gel electrophoresis using appropriate molecular weight standards (Cole & Guest, 19793, 1980 b) .
Enzymology. Cultures for enzyme studies were grown in a peptone/yeast extract broth at 37 "C under aerobic or anaerobic conditions with additions of ampicillin, glucose, nitrate and ammonium molybdate (as indicated) and ultrasonic extracts were prepared and assayed for protein by the methods outlined by Spencer & Guest (1973) and Lambden & Guest (1976) . Fumarate reduction and nitrate reduction were assayed by following the oxidation of reduced benzylviologen at 550 nm (Lambden & Guest, 1976) , and hydrogenase by the reduction of benzylviologen (Jones, 1979) . Succinate oxidation was coupled to the reduction of 2,6-dichlorophenol indophenol (DCPIP) according to Spencer & Guest (1973) . Formate dehydrogenase was assayed similarly, using DCPIP as the electron acceptor under anaerobic conditions (Lambden & Guest, 1976) . Lactate dehydrogenase was assayed by measuring the pyruvate-dependent oxidation of NADH at 340 nm (Gardner & Lascelles, 1962) . Ethanol dehydrogenase was assayed at 340 nm by measuring the ethanol-dependent reduction of NAD+ with high-speed supernatant fractions (40000g, 1 h) of the ultrasonic extracts used above (Clark & Cronan, 1980) . In each case the enzyme specific activities are reported as nmol substrate transformed min-l (mg protein)-' at 37 "C. 
R E S U L T S
Localization of the fnr gene A restriction map of the segment of E. coli chromosome cloned in the Afnr transducing phage (AG70) is shown in Fig. 1 . The orientation of the segment relative to the linkage map of E. coli was derived from a physical map in the region of the terminus of DNA replication, which contains this sequence of restriction targets (Boucht et al., 1982) . To locate thefnr gene in this segment, four independent pyrophosphate-resistant deletion derivatives of AG70 were isolated and examined by restriction analysis. By comparison with the parental phage the deletions were located at the left-hand end of the cloned bacterial fragment and one (in AG 130) extended into the left arm of the phage vector (Fig. 1) . All of the derivatives retained the ability to transduce fnr mutations at frequencies similar to that of the parental phage (approx. 0.3 transductants per p.f.u.), indicating that a functionalfnr gene was present. This in turn suggests that thefnr gene is located between restriction targets R2 and H2 at the right-hand end of the cloned fragment (Fig. 1) .
Thefnr gene was further localized by direct sub-cloning from restriction digests of AG70 DNA into the plasmid vectors pBR322 and pBR325 (Bolivar et al., 1977; Bolivar, 1978) . Recombinant plasmids were isolated from AmpR transformants by the method of Birnboim & Doly (1979) and their structures defined by restriction analysis. Plasmids pGS24 to pGS30 containing the seven fragments shown in Fig. 1 were then tested for complementation offir mutations by transforming fourfnr mutants to ampicillin resistance and testing the products for anaerobic growth on G F and LN media. Full complementation was indicated when all the bacteria in the AmpR colonies were Fnr+ and when thefnr-8 recA mutant was similarly transformed. This was true of only one plasmid, pGS24, indicating that the functional fnr gene is encoded by the 1-65 kb fragment, B3-H2 (Fig. 1) . With one other plasmid, pGS26, and three of the fnr mutants (JRG86lb, c and d;fnr-8, -2 and -4), a small but significant proportion (approx. 1 in lo4) of the bacteria in the AmpR colonies were Fnr+. This was assumed to be due to recombination between plasmid and chromosome because it was not observed with the recA derivative, JRG1290 (fir-8 D . J . S H A W AND J . R. GUEST recA). It suggests that the three fnr mutations are located between restriction targets R3 and R4 (Fig. 1) . None of the plasmids showed comparable activity with JRG861a (fnr-I). This may be because the fnr-1 mutation is within or very close to one of the EcoRI targets resulting in a recombination frequency that is too low to be detected.
Identijication of the f i r gene product
The polypeptides expressed from the fnr transducing phage (AG70) under aerobic conditions in a A-sensitive host were labelled with [35S]methionine and identified by SDS-polyacrylamide fnr gene of E. coli gel electrophoresis and autoradiography. Control cultures were infected with llNM540, which contains the htt-red genes in addition to all the lambda genes of the vector phage (llNM761;
Wilson & Murray, 1979) used to construct AG70 (llfnr) and the related Lfrd (llG85; Guest, 1981) . Five labelled components, formed specifically during infection with llG70, were detected ( Fig.  2a) and their apparent relative molecular masses (M,) were 37000, 35000 (the most intense band), 31 000,19000 and 17000. Since the 11.5 kb fragment cloned in AG70 could encode several bacterial proteins in addition to the fnr gene product, the 'maxicell' technique was used to identify proteins expressed from plasmid pGS24, which contains a bacterial fragment of only 1.65 kb (Fig. 1) . Controls containing no plasmid or plasmid pBR322, the vector used for constructing pGS24, were included. Four polypeptides expressed from pGS24 but not the controls were detected (Fig. 2b) and their apparent M , values were estimated as 31 000 (intense band) and 28 000,27000 and 19000 (faint bands). Because a protein of M , 31 000 corresponds to a coding capacity of about 1 kb of DNA, the bacterial fragment in pGS24 would not be expected to encode more than one of these proteins. Consequently, the simplest interpretation of the results is that the major band ( M , 31 000) corresponds to the fnr gene product and the minor bands are processed forms or degradation products of the 31 000 component.
Efects of pGS24( fnr) and pGS39( f r d ) on enzyme activities Rough estimates from DNA yields suggested that the plasmid (pGS24) was present in about 50-100 copies per cell. Multiple copies of the fnr gene could have significant effects on the specific activities of relevant enzymes. This was investigated by transferring pGS24 to an fnr+ strain, PL2024, and assaying for several enzymes following growth under different conditions (Table 1) . Ampicillin was added to ensure maintenance of the plasmid in plasmid-containing cultures, but not in control cultures of PL2024. However, when a derivative of PL2024 containing pBR322 (JRG1350) was grown in the presence of ampicillin it gave similar activities to those obtained with PL2024.
The presence of pGS24 increased fumarate reduction about threefold under aerobic and anaerobic conditions, and the smaller effect on succinate oxidation indicates that the plasmid is increasing fumarate reductase rather than succinate dehydrogenase activity (Table 1) . For comparison, extracts of anaerobically-grown cultures of two derivatives of PL2024 containing the pBR322-derived fumarate reductase plasmids, pNU3 1 and pGS39, were also assayed for fumarate reduction. With pNU31 the activity was 830 nmol min-' (mg protein)-', about the same as with pGS24, but with pGS39 a further fourfold amplification to 3180 nmol min-l (mg protein)-' was observed. It should be noted that the fumarate reduction activity in the aerobic-D . J . SHAW AND J . R. GUEST ally-grown pGS24-containing strain approached the level normally found in anaerobic cultures of the parental strain (Table 1) . This indicates thatfnr amplification prevents aerobic repression of fumarate reductase. The synthesis of fumarate reductase is also repressed by nitrate (Wimpenny & Cole, 1967) , and this repression was partially offset by pGS24 (Table 1) .
Nitrate reductase was not significantly affected by pGS24 in cultures grown anaerobically in the absence of nitrate (Table 1) . However, when nitrate (5 or 25 mM) was added to the cultures, this activity was approximately 2-or 20-fold higher, respectively, in the plasmid-containing strain. A low level of nitrate reductase was observed in organisms grown aerobically with nitrate (25 mM) and this was increased about threefold by the plasmid. Likewise, the low level of hydrogenase synthesized by aerobic organisms grown with glucose (1 %) was increased twofold by the plasmid, although the plasmid had no effect on the fully repressed and derepressed activities. The anaerobic formate dehydrogenase activity was substantially reduced in the plasmid-containing culture ; lactate dehydrogenase was unaffected under all the conditions tested, and the ethanol dehydrogenase activities were too low to assess the significance of the variations.
DISCUSSION
By a combination of in vivo and in vitro genetic techniques, thefir gene of E. coZi was localized in a 1.65 kb BamHI-Hind111 fragment and the gene product was identified as a protein of M, 3 1 000.
Under appropriate conditions the presence of a multicopy plasmid (pGS24) containing the fir gene led to overproduction of fumarate reductase, nitrate reductase and hydrogenase, enzymes that are lacking in fnr mutants. Furthermore, the presence of the plasmid lifted the normal aerobic repression of fumarate reductase synthesis. Effects similar to the latter have been observed previously as a result of an increase in the gene dosage of the fumarate reductase (frd) genes, brought about by multiple duplications of thefid region of the chromosome, by induction of Afrd prophages, or by the presence of a multicopy ColEl-frd hybrid plasmid (Cole & Guest, 1979a , 1980b Guest, 1981) . This was attributed to the titration of a specific repressor which normally prevents aerobic synthesis. Since amplification of the fnr gene, and presumably of its product, also leads to aerobic derepression of fumarate reductase it is possible that thefrd gene expression is controlled by a balance between positive (fir product) and negative regulatory factors. The presence of multiplefnr gene copies was also responsible for a partial reversal of the nitrate repression of fumarate reductase. However, in this case the primary effect could have been enhanced reduction (removal) of the nitrate.
Under anaerobic conditions the fnr-mediated amplification of fumarate reductase was comparable to that obtained with a multicopy plasmid containing thefrd genes, pNU31, and almost as high as the levels attained by Afd prophage induction. However, these activities are considerably less than those in strains carrying multiple duplications of thefrd region [3200 nmol min-l (mg protein)-l]. It was suggested that the level of amplification may have been limited because the 4.9 kb HindIII fragment in the Afid transducing phages lacks an essential neighbouring gene (Cole & Guest, 1980b ). The present study shows this to be false because pGS39, which contains the same HindIII fragment, produced enzyme activities comparable to the multiple duplication strains. Furthermore, pNU31 has a very similar structure to pGS39, so other factors must be responsible for the variations in enzyme yields. The effects of combining thefrd andfnr genes in a multicopy plasmid are currently under investigation. Similar effects to those described above were obtained for nitrate reductase, but only when nitrate was present. This indicates that under inducing conditions the availability of thefnr gene product limits the synthesis of nitrate reductase. Barr & Palm-Nicholls (198 1) have suggested that lack of a positive regulatory factor may explain why nitrate reductase is not overproduced in cells containing multicopy chZC plasmids. Hydrogenase is also not amplified by multicopy plasmid cloning (Glick et aZ., 1981) but this does not appear to be related to fnr because hydrogenase was only enhanced by f i r under conditions of partial derepression. Formate dehydrogenase is increased up to threefold in anaerobically-grown fnr mutants (Lambden & Guest, 1976 ) and it appears that the converse is true: increasing thefnr gene dosage lowers this enzyme activity. The significance of this is not clear butfnr-dependent effects on some anaerobic functions are likely to have secondary effects on other enzymes.
Recent work in which the lac structural genes were fused to the promoter of the nitrate reductase operon (Chippaux et al., 1981) confirms the view that the fnr (nirR) gene product acts at the level of transcription of the nitrate reductase genes. This result and the work presented above are consistent with a model for the regulation of anaerobic electron transport systems involving overall positive control by the fnr gene product, redox-sensitive control, and controls responsive to specific inducers (e.g. nitrate and fumarate). One view of the mode of action of the fnr gene product is that it functions as a sigma subunit for RNA polymerase, conferring specificity for the relevant promoters, similar to the mechanism controlling sporulation in Bacillus subtilis (Haldenwang & Losick, 1980) . With this possibility in mind the nucleotide sequence of thefnr gene is being determined for comparison with that of the rpoD gene (Burton et al., 1981) . Knowledge of the sequence will also facilitate the construction (in vitro) of fnr fusions with the lac structural genes for investigating the control of fnr expression. The mode of action of the f i r product is also being investigated at the level of its effects on the in vitro transcription of genes that appear to be controlled by f i r .
